(
(Sta56, Sta58, and Stall0, respectively) were unable to induce proliferation of this T-cell line. DNA sequence analysis of the cloned rickettsial insert encoding the Sta47 protein revealed the presence of four open reading frames potentially encoding proteins of 47, 30, 18, and 13 kDa. Analysis of sodium dodecyl sulfate-polyacrylamide gel electrophoresis-separated and eluted fractions of lysates from the recombinant HBI01(pRTS47B4.3) demonstrated that the fractions containing the 47-kDa protein as well as those containing proteins less than 18 kDa were stimulatory. Selected synthetic amphipathic peptides derived from the Sta47 antigen sequence identified a 20-amino-acid peptide that gave a 10-told increase in T-cell proliferation over a control malarial peptide of similar length. Recognition of the 47-kDa antigen by a T-cell line with THi characteristics implicates this protein as one of potential importance in protection studies and future vaccine development.
Rickettsia tsutsugamushi is an obligate intracellular bacsponse (5) , which in mice with scrub typhus has been found terium and the etiologic agent of scrub typhus fever, or to correlate to resistance to lethal challenge (20). The identsutsugamushi disease, in humans. This antigenically ditification of T-cell stimulatory antigenic epitopes, particuverse, gram-negative organism is transmitted to humans larly those that stimulate THl-type cells, is an important ( " through the bite of rickettsia-infected chiggers. Cell-mediinitial step toward the development of subunit or synthetic ated immunity is a major determinant in acquired resistance vaccines against R. tsutsugamushi. to R. tsutsugamushi (23, 36), although information regarding Using sodium dodecyl sulfate (SDS)-polyacrylamide gel the di• ersity and specificities of antigens that are recognized electrophoresis (PAGE)-separated and eluted proteins of R. by R. tsutsugamushi-immune T cells is extremely limited.
tsutsugamushi, we previously established the existence of Murine (CD4+) T-helper lymphocytes can be divided into antigens in the 18-to 35-kDa size range that were stimulatory at least two subsets on the basis of the cytokines secreted for a T-cell line with THI characteristics (18) . It was also following antigenic stimulation (26). Briefly, THI cells prodemonstrated that a recombinant 22-kDa scrub typhus produce interleukin 2 (IL-2) and gamma interferon (IFN--y), tein was recognized by this T-cell line and by antirickettsial while TH2 cells produce IL-4, IL-5, and IL-10 (11, 26). The antibodies. In the present report, we show that this same R. functional properties of these T-cell subsets appear to be tsutsugamushi-specific T-cell line responds to a range of largely a reflection of the specific cytokines produced. THI nonrecombinant scrub typhus antigens in addition to the 18-.,.
cells induce delayed-type hypersensitivity and activate macto 35-kDa region described previously. Additional analysis rophages, making these cells particularly suited to deal with of this T-cell line using Escherichia coli lysates containing intracellular organisms (5, 40, 43) . TH2 cells are very effithe 110-, 58-, 56-, and 47-kDa cloned recombinant R. tsutsucient at providing help for antigen-specific immunoglobulin gamushi antigens demonstrated that the 47-kDa R. tsutsusecretion, thereby enabling them to most effectively combat gamushi antigen is capable of inducing a strong proliferative free-living bacteria (3, 5, 6) .
response in the THl-like scrub typhus-responsive T-ccll IFN-y, the product of murine TH1 cells, has been shown line. Examination of selected, synthesized amphipathic pepto inhibit rickettsial growth in human macrophages, mactides derived from the 47-kDa antigen sequence (30) resulted rophage-like cell lines, fibroblasts, and endothelial cells in in the delineation of a 20-amino-acid peptide capable of vitro (21, 27, 47, 50) and is believed to play an important role stimulating the T-cell line. in murine resistance in vivo (12) . In the murine model of scrub typhus, L3T4÷ Lyt2-IFN-y-producing T cells have been shown to adoptively transfer protection against R.
MATERIALS 47C8.4) and HB101(pBR322) (control) were electrophoresed with 1% fresh glutamine, 50 ýLg of gentamicin per ml, 10 mM and eluted from SDS-polyacrylamide gels. The eluted frac-HEPES [N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic tions were examined for the ability to stimulate the R. acid] buffer, and 5 x 10-5 M 2-mercaptoethanol) containing tsutsugamushi-reactive T-cell line as previously described 5% heat-inactivated, hybridoma-screened fetal bovine serum (18) . (FBS) (M. A. Bioproducts). The T-cell line was maintained Cell surface phenotype analysis. Surface phenotype of the in vitro by alternating 10-day periods of rest with 4-day C3HJHeJ T-cell line was determined by analyzing the bindperiods of antigenic stimulation as described previously (18) .
ing of monoclonal antibodies by fluorescence flow cytomeLymphocyte proliferation assay. The ability of the T-cell try. Antigen-stimulated T cells were washed twice in Hanks line to proliferate in response to native or recombinant balanced salt solution, and viable cells were enumerated by rickettsial antigens was determined as described previously trypan blue exclusion and adjusted to 106 cells per ml in (18 Measurement of cytokine production. Cytokine bioassays used to affinity purify antibodies specific for the recombinant to detect IL-2 and IL-3 production were performed with antigens from hyperimmune serum (rabbit anti-Karp). The cytokine-dependent cell lines (19) . The IL-3-dependent cell corresponding native full-length R. tsutsugamushi antigen line DA1 was kindly provided by J. Ihle, Frederick Cancer encoded by each recombinant was identified by using these Research Center, Frederick, Md. The IL-2-dependent cell recombinant antigen-specific sera in Western blot (immuline CTLL was the kind gift of Ethan Shevach, National noblot) analysis of whole-cell R. tsutsugamushi lysates Institutes of Health, Bethesda, Md. (29). The recombinant clones HB101(pRTS11OC5.2), HB101 IFN-'y production was determined by using a murine (pRTS58H2.9), HB101(pRTS56H2.3), and HB101(pRTS IFN-y/ double-sandwich enzyme-linked immunosorbent as-47C8.4) or HB101(pRTS47B4.3) produced scrub typhus ansay (ELISA) (7) . Briefly, 1 •g of purified murine anti-IFN-y tigens Stall0, Sta58, Sta56, and Sta47, respectively, which monoclonal antibody (Lee Biomolecular Research Inc., San appeared to have the same molecular weights as the native Diego, Calif.) contained in 100 ýl of 50 mM Tris-HCI-50 mM rickettsial proteins (29, 31). Recombinant lysates were preNaCi at pH 8 was added to each well of a 96-well plate pared by suspending late-log-phase culture pellets of the (Immulon II; Dynatech Laboratories Inc., Torrance, Calif.) plasmid-containing organisms in RPMI-complete and lysing and allowed to bind overnight at 4°C. Unabsorbed monothem with a French press. The French press lysates were clonal antibody was removed, and 200 R.I of casein buffer immediately frozen. Recombinant lysates were analyzed for containing 7.5 mM Tris, 2% casein, and 0.2% sodium azide protein content by using a modification of the Lowry method (pH 7.5) was added to each well for 2 h at room temperature. (33) . Lysates were adjusted to equivalent protein concentraPlates were washed five times with PBS-Tween (30) prior to tions and sterilized by irradiation (300 kilorads) prior to use. the addition of samples (100 1±l). Recombinant murine IFN--y Recombinant antigens were diluted in RPMI-complete for (AMGen Biologicals, Thousand Oaks, Calif.) with a specific use in lymphocyte proliferation assays. activity of 2t.07 U/mg was used as a standard. Primary Western blotting. Rabbit anti-R. tsutsugamushi antiserum culture supernatant obtained from conalbumin-stimulated was prepared from a rabbit inoculated with gradient-purified D1O cells was used as a negative control. D10 cells arc whole R. sutsugamushi (strain Karp). This serum was conalbumin-specific T cells of the TH2 subclass and do not exhaustively absorbed with E. coli for use in Western blot produce IFN--y (15). Plates were incubated for 3 h at 37C analysis of recombinant organisms (31). SDS-PAGE and and then washed prior to the addition of 100 gl of a 1:1.000 Western blotting of rickettsial polypeptides were performed dilution of polyclonal rabbit anti-mouse IFN--y, which was as previously described (4, 28) . Staphylococcal protein A generously provided by G. Spitalny (Bristol-Myers Co.. conjugated with alkaline phosphatase (Cappel, Organon Wallingford, Conn.). Following a 2-h incubation at room Teknika Corp., West Chester, Pa.) was used to detect the temperature, the plates were washed five times with PBSantibody bound to antigens in the Western blot assay.
Tween, and 100 gl of affinity-purified horseradish peroxiAlkaline phosphatase-conjugated probes were developed dase-conjugated goat anti-rabbit immunoglobulin G (Boch- were examined. As shown in Table 2 and previously (18) , this T-cell line gave a strong proliferative response to the pepSta47(l1-33 but not allogeneic BALB!c spleen cells cculd function as antigen-presenting cells (data not shown). The cytokine secretion pattern of the T-cell line was examined following ringer Mannheim Biochemicals, Indianapolis, Ind.) diluted antigenic stimulation. The T-cell line was found to produce 1:1,000 was added for 2 h. Plates were washed five times IL-3, a cytokine produced by both TH1 and TH2 subsets, as with PBS-Tween, and 100 Rl of substrate (1 mg of o-phewell as IFN-y and IL-2, cytokines characteristic of the THi nylenediamine per ml and 0.012% hydrogen peroxide in 0.1 subset of murine T-helper cells (Table 2) . M sodium citrate, pH 4.5) was added. Plates were read at 490
Proliferative response ofT-cell line to electroeluted native R. nm on a Titertek Multiscan (Dynatech Laboratories).
tsutsugamushi antigens. Because R. tsutsugamushi antigens Amphipathic peptides. The 47-kDa protein amino acid are extremely difficult to obtain in pure form, electrophoretsequence (30) was analyzed by using the computer algorithm ically separated and eluted native R. tsutsugamushi antigens AMPHI (24) to predict segments that could best form were used to determine the antigenic repertoire of the T-cell amphipathic helices. Eight synthetic peptides (Table 1) corline. This technique makes it possible to identify stimulatory responding to areas with high amphipathic indices were antigenic regions that correspond to a particular molecular produced commercially. Peptides were reconstituted in stersize range. In this manner, it was previously demonstrated ile deionized H 2 0 at a concentration of 1 mg/ml, frozen at that eluted samples (undiluted) from low-molecular-mass -80'C, and irradiated with 300 kilorads. Peptides were fractions (18 to 35 kDa) of SDS-PAGE-separated whole-cell diluted in RPMI-complete and examined for the ability to R. tsutsugamushi were stimulatory for this T-cell line (18) . stimulate the T-cell line during a lymphocyte proliferation
We now demonstrate that several additional gel regions assay. Fourfold dilutions of concentrations ranging from 1.0 stimulate reactivity following dilution of the eluted gel samng/ml to 100 l±g/ml were tested, pies. Figure 1 shows that several fractions (depending on dilution of eluate) contain rickettsial antigens capable of RESULTS stimulating the T-cell line. Previously described R. tsutsugamushi antigens present in the various stimulatory fracProliferative response of C3H/HeJ T-cell line to native R.
tions include the 165-, 150-, and 138-kDa proteins and the tsutsugamushi antigens. The C3H/HeJ T-cell line was develStall0 protein in fraction 1; the 72-kDa protein antigen in oped and maintained in vitro by stimulation with the Karp fraction 2; the Sta58 and Sta56 proteins in fraction 3; the strain of R. tsutsugamushi as previously described (18) . In Sta47 and heat-modifiable form of the Sta56 protein in order to determine the strain specificity of this line, proliffraction 4; and antigens smaller than 18 kDa in fractions 9 erative responses to the homologous Karp antigen, heterolthrough 12. A vigorous T-cell response was also observed recombinants HB101(pRTSll0), HB101(pRTS58), and HB101 (10-' dilution) in fractions 9 through 12, which correspond to (pRTS56) in contrast to the higher levels of expression of the region of the gel containing polypeptides smaller than 18
Sta47 by recombinant HB101(pRTS47C8.5) (30). kDa. Uninfected L-929 cells that had been electrophoresed, Analysis of eluted fractions of recombinant R. tsutsugamushi fractionated, and electroeluted were not stimulatory for this antigens. As mentioned above, T-cell proliferation was seen T-cell line (18) . These data demonstrate that the murine in response to eluted fractions of native Karp that had T-cell line recognizes a wide range of R. tsutsugamushi approximate molecular masses of 18 kDa and less (Fig. 1 ).
proteins. In general, T-cell recognition of eluted fractions
The DNA sequence of the R. tsutsugamushi insert in corresponded well to the presence of antigens recognized by pRTS47C8.5 indicated that this 8.5-kb piece of R. tsutsugarabbit anti-Karp antisera; however, other antigens that stimmushi DNA contained open reading frames for proteins of ulate T cells but are not recognized by antibody may have 47, 30, 18, and 13 kDa (30). It was therefore possible that a been present in these p:eparations.
protein in addition to the Sta47 protein was being expressed Proliferative response of T-cell line to recombinant R.
by this recombinant and was responsible for or contributing tsutsugamushi antigens. In order to examine the T-cell reto the proliferative response seen previously to extracts of sponse to individual scrub typhus antigens, the R. tsutsu-HB101(pRTS47C8.5). Although the Sta47 protein was the gamushi-reactive T-cell line was examined for the ability to major protein expressed by this clone and recognized by proliferate in response to extracts of recombinant organisms polyclonal rabbit anti-Karp antiserum, additional proteins expressing scrub typhus antigens. Lysates of clone HB101(pRTS47B4.3), which contains an protein antigens of R. tsutsugamushi Karp and the HB10 internal 4.3-kb BgII fragment of pRTS47C8.5 and encodes (pBR322) control were examined. Antigen preparations conthe 47-, 30-, 18-, and 13-kDa proteins, were fractionated by sisted of French press lysates that had been irradiated with SDS-PAGE followed by proliferation assays. As shown in 300 kilorads to prevent the growth of the small portion of Fig. 3 , fraction 5 (1:10 dilution) of clone HB101(pRTS unlysed E. coli. A 12-fold increase in proliferation was seen 47B4.3), which corresponds to the 43-kDa molecular mass in response to a lysate of the HB101(pRTS47C8.5) recombimarker and would contain the 47-kDa recombinant protein, nant compared with the HB101(pBR322) control lysate (Fig.  elicited a proliferative response (9,101 cpm) . In addition, 2). T-cell proliferation in response to this antigen followed a strong proliferative responses to fractions 9, 10, and 11 of typical antigen dose-response curve, with maximal stimulathis recombinant clone were seen. Fraction 9 spans the tion seen at a crude protein concentration of I to 10 pRg/ml. region of the gel from 18 to 14 kDa, while fractions 10 and 11 Lysates containing the Stall0, Sta58, and Sta56 recombispan the region of the gel from 14 kDa to the dye front. nant proteins gave a minimal response, if any, compared Degradation products of the Sta47 or uncharacterizcd gene with that of the HBI1OI(pBR322) control. This lack of reproducts from the 4. TdR) uptake t SEM of triplicate cultures, The response of the T-cell line to column-purified Karp was 17,258 ± 3,396 cpm, while the response to antigen diluent alone was 424 ± 71 cpm. Dilutions of HB101(pBR322) that had been electrophoresed, fractionated, and electroeluted (undiluted to 1:100,000) were not stimulatory for the T-cell line (data not shown). A representative lane of the SDS-polyacrylamide gel prior to fractionation was electroeluted onto nitrocellulose and developed by using polyclonal rabbit anti-Karp antibodies. MW, molecular mass. HB101(pBR322) that had been electrophoresed, fractioning a proliferative response 10 times greater than that of a ated, and electroeluted (undiluted to 1:100,000) were not control malarial peptide of similar length, suggesting that this stimulatory for the T-cell line (data not shown).
20-amino-acid residue peptide contains a stimulatory T-cell
Amphipathic analysis of Sta47 amino acid sequence. The epitope of the 47-kDa R. tsutsugamushi antigen. Maximal sequence of the cloned R. tsutsugamushi DNA of HB101 stimulation by this peptide was seen at a peptide concentra-(pRTS47C8.5) was determined (30) and found to possess tion of approximately 1 i.g/ml. The remaining Sta47 amphiopen reading frames for proteins of 47, 30, 18, and 13 kDa.
pathic peptides, including peptide 91-110, which has a 10-The computer algorithm AMPHI (24) , which identifies poamino-acid overlap with peptide 81-100, did not induce tential T-cell epitopes on the basis of the abilities of peptides significant proliferation of this T-cell line. to form stable amphipathic helices, was used to identify potential T-cell sites in the Sta47 protein sequence. Based on this analysis, eight peptides (Table 1) representing regions DISCUSSION with high amphipathic scores were synthesized by commercial sources and tested for the ability to induce proliferation Immunity to R. tsutsugamushi is dependent on the develof the C3H/HeJ T-cell line. As shown in Table 3 , peptide opment of a cell-mediated immune response; however, the 81-100 (Asp-Gly-Lys-Arg-Val-lle-Val-Asn-Ala-Phe-Alaidentities and natures of the antigens involved in this reLys-Phe-Lys-Ile-Iie-Asp-Pro-Ile-Thr) was capable of elicitsponse are largely undefined. Like other obligate intracellular bacterial pathogens, R. tsutsugamushi consists of a complex mosaic of polypeptide antigens, only some of which TABLE 3 . Proliferative response of T-cell line to amphipathic contain T-cell epitopes capable of eliciting a protcctivc peptides derived from Sta47" immune response. The identification of antigens that stimuPeptide [-tHithymidine uptake (cpm) at peptide concn of. late a cell-mediated immune response and the subsequent (amino acid mapping of T-cell epitopes on thcse antigens are important in residues) 0.1 izg/ml 0.4 lig/ml 1.6 pig/ml 6.4 pig/ml order to achieve a better understanding of homologous and pepSta47 tend to be structures with hydrophobic and hydrophilic T-cell line. The 47-kDa protein of R. tsutsugamushi is a residues on opposite faces (8) . Eight Sta47 synthetic pepmajor rickettsial antigen that is found in the outer membrane tides with high amphipathic scores were produced and (45) and contains both scrub typhus group-reactive (13, 45) examined for the ability to stimulate the C3H!HeJ T cell line. and strain-specific (25) B-cell epitopes.
One peptide, pepSta47(81-100) (Asp-Gly-Lys-Arg-Val-IleSurprisingly, the recombinants expressing the Sta56, Val-Asn-Ala-Phe-Ala-Lys-Phe-Lys-Ile-Ile-Asp-Pro-Ile-Thr), Sta58, and Stall0 polypeptides did not induce proliferation was capable of eliciting a proliferative response in the of the polyclonal T-cell line. Sta56 is a quantitatively major polyclonal C3H/HeJ T-cell line more than 10 times greater R. tsutsugamushi protein against which most animals and than that elicited by an irrelevant malarial peptide of identiinfected humans produce antibodies (14, 31) . Sta56 contains cal size. PepSta47(91-110), which overlaps pepSta47(81-100) both strain-specific and group-reactive epitopes (9, 13, 31, by 10 amino acids, did not stimulate the T-cell line. In 41, 45). Sta58 is also a quantitatively major protein that addition to the amphipathic predictive algorithm (24) for contains group-reactive determinants and closely resembles T-cell antigenic determinants, Rothbard and Taylor, by the GroEL homolog (65 kDa) of Mycobacterium tuberculoanalysis of primary structure, have identified two motifs sis and Coxiella burnetii (35, 42, 49) . This family of heat common to T-cell determinants (34) . Interestingly, when the shock proteins is thought to play a role in the response of peptide 81-100 sequence is examined visually for these bacteria to environmental stress (52) and perhaps to facilitate antigenic determinant motifs, two sequences are found. One the folding and assembly of oligomeric proteins (17). The region, Asn-Ala-Phe-Ala-Lys, encompasses amino acids 88 65-kDa antigen of M. tuberculosis is an immunodominant to 92 and therefore would not be completely present in protein that is recognized by 20% of the mycobacteriumpeptide 91-110. If this were the core of the antigenic deterreactive CD4+ T lymphocytes in mice (51). The 110-kDa R. minant recognized by the C3H/HeJ T-cell line, the lack of tsutsugamushi antigen is a less abundant protein which response with overlapping peptide 91-110 could be easily contains both group-specific (31) and strain-specific (29) explained, since residues 88 to 90 and possibly additional epitopes.
stabilizing residues would be lacking in peptide 91-100. An The reason for the lack of T-cell response to the Sta56, additional region in peptide 81-100 conforms to the motif of Sta58, and Stall0 antigens, all of which induce strong Rothbard and Taylor (34) and is found at amino acids 94 to 97 humoral responses, is unclear; however, these polypeptides (Lys-Ile-lle-Asp). Since this sequence and three flanking are expressed at considerably lower levels in recombinant E. amino acids would be present in peptide 91-110, it is less coli lysates than in R. tsutsugamushi antigen preparations likely that this is the antigenic determinant recognized by (30, 31), so the lack of response may reflect insufficient C3H/HeJ (H-2k) T cells. This sequence and others present antigen concentration. In an effort to concentrate these within the nonstimulatory peptides tested could be of imporantigens and possibly remove inhibitory proteins, the Sta58, tance, however, in binding to other haplotypes. Thus, pepSta56, and Stall0 proteins were separated by SDS-PAGE tide 81-100, obtained from Sta47, contains a T-cell epitope and eluted. Despite successful use of this technique with recognized by a polyclonal C3H/HeJ R. tsutsugamtinhiSta22 (18) , no augmentation of the proliferative response responsive T-cell line. was detected.
The identification of open reading frames potentially enAnother explanation for the lack of response to Sta56, coding R. tsutsugamushi proteins of 18 and 13 kDa in Sta58, and StallO is the absence of T-cell epitopes recogcombination with the strong T-cell response to both native 
